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ABSOLUTE CALIBRATION OF A
PROMPT GAMMA RAY DETECTOR FOR
INTENSE BURSTS OF PROTONS

L. INTRODUCTION

The generation of intense proton beams from high power (10'°W) pulsed (10~%) plasma
sources has required the development of new diagnostics to evaluate such beams. Measure-
ments' of intense pulsed proton beams have been carried out using nuclear activation? , but
this technique is limited for high current densities by ablation of the target being activated.
Attenuating screens may be used to overcome this problem to some extent. The nuclear

activation technique does provide a measure of the total number of ions.

Also, it is of interest to measure the time variation of the proton current. Such measure-
ments have been carried out with a scintitlator-photodiode detector in a time-of-flight arrange-
ment, but it is difficult to provide a light shield on the scintillator sufficiently thin to transmit
the protons and yet sufficiently robust 10 survive the proton intensities intact. Furthermore,
magnetic or electrostatic deflection is complicated because the beam is charge neutralized.
These diagnostics are even more difficult to use with the development of more intense proton

beams and focussed beams.?

In this report a diagnostic for intense bursts of protons using prompt gamma rays from a
nuclear reaction is described. The gamma ray detector consists of a scintillator and photomulti-
plier enclosed in a lead shield. A nuclear reaction is selected which produces gamma rays of

Manuscript submitted October 31, 1979.
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several MeV energy. Then the lead shield will effectively attenuate the bremsstrahlung (£ < 1

MeV) from the generator and will convert the multi-MeV prompt gamma radiation into annihi-

lation quanta and other lower energy quanta by pair production and multiple Compton interac-

tions in the lead shield. In this way, the shield becomes a source of lower energy prompt radia- .

. i adeonin, R

tion which can be detected efficiently with a small plastic scintillator.

For this diagnostic the nuclear reaction ""F(p,ay)'®O is selected. This reaction is
resonant with low energy protons (£, > 0.34 MeV) and produces gamma rays with energies of
6 to 7 MeV. The most intense gamma ray is 6.13 MeV, but 6.92- and 7.12-MeV gamma rays 1
are also produced.* No other gamma rays to which our detectors are sensitive are produced by
protons with energies less than 3 MeV incident on flourine. Prompt gamma rays from this
reaction in a teflon target can be measured with a scintillator-photomultiplier detector of good
time resolution (< 5 ns FWHM). If the detector output is calibrated absolutely, a measure- L
ment of the prompt gamma ray response can be used to determine the total number of protons
and the time variation of the proton current. This prompt measurement is unaffected by abla-

tion of the teflon target.

Already, this diagnostic has been applied to intense proton beams using an uncalibrated

detector for which only relative measurements were possible.’ For absolute measurements, the

dependence of the gamma ray intensity on both proton energy and angle of the emitted gamma
rays must be known. Since the '"F(p, ay)'®0 reaction is resonant at many energies below 2
MeV, we have measured the intensity of gamma rays from this reaction as a function of proton

energy. Intensities were measured at 0°, 45° and 90° for thick teflon targets bombarded with

monoenergetic protons ranging from 0.5 to 2.8 MeV from a Van de Graaff accelerator. Then
this source of gamma rays was used to calibrate absolutely two different prompt gamma ray

detectors.
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I1. DESCRIPTION OF THE DETECTORS

The detectors that have been calibrated absolutely contain a 6.7 cm diameter by 5.6 cm

thick plastic scintillator® (NE-111) mounted on a photomultiplier' (XP-2020) and sealed in a

light tight, 6-mm thick aluminum housing. No optical coupling grease is used between the
scintillator and photocathode. This scintillator-photomultiplier combination is mounted in two
different size lead shields. These two detectors are illustrated in Fig. 1. The small shield is 39
c¢m long by 16 cm in diameter. The end plates are 3.2 cm thick, and the center hole is 8.9 cm
in diameter. The large shield is 55.6 cm long by 26.7 cm in diameter. The center hole is 9.5
cm in diameter and the end plate in front of the scintillator is 5.1 cm thick. Holes for the sig-
nal and high voltage cables to the photomultiplier are offset in the back end plate as shown in
Fig. 1. The gamma ray source is located on the axis of the lead shield so that the scintillator is
. irradiated through the front end plate. A graded shield is used between the lead and the scintil-
lator to attenuate lead K-shell x rays produced by the interaction of the intense bremsstrahlung 4
in the lead shield. The graded shield consists of layers of copper (0.13 mm), tin (0.38 mm)
and tantalum (0.25 mm). Measurements indicate that this shield attenuates the bremsstrahlung

signal by about a factor of 3. 4

I11. THICK TARGET YIELDS

!
\ The yield of gamma rays from proton bombardment of thick teflon targets was measured \ 4
‘ with a 7.6-cm diameter by 7.6-cm thick Nal detector located 45 cm from the target. The targets
s . . o . . . . i
é consisted of teflon sheet thicker than the proton range. To minimize target deterioration, beam
4
! i-f' currents of less than 0.2 A were focused into a target area = | cm?. In this way. reductions
v
.‘ ' in the gamma ray yield due to target deterioration during a series of measurements were limited
4 -
{, * Available from Nuclear Enterprises, Lid | San Carlos, CA[ 94070 !
f.' t Available from Ampercx Flectromic Corp . Hicksville, NY | 11802 !
,; |
; k)
.4 |
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10 less than 10%. The output of the Nal detector was amplified and all pulses corresponding to
gamma ray energies greater than 2.0 MeV were counted. Under these conditions the back-
ground in the Nal detector was always € 2%. At the higher energies, lesser beam currents
were used to minimize pulse pile up in the Nal detector. The absolute efficiency of the Nal
detector was calculated to be 8.6 x 10~* counts/photon at 45 cm when counting only pulses
greater than 2 MeV. This efficiency was calculated from interpolations of total efficiencies® and

detector response spectra’ for Nal detectors to 6.13-MeV gamma rays.

Yield measurements were normalized to the incident proton charge on target by counting
the Nal detector output pulses for a preset integrated charge of the. proton beam. The beam
current and its integrated charge were measured with the teflon target mounted in a biased
Faraday cup. Yields were measured from 0.5 to 2.0 MeV proton energy in 50 keV increments
with the Nal detector located at 0°, 45° and 90° to the incident beam direction. For energies
less than 1 MeV, the H; beam from the Van de Graaff accelerator was used, and then the

measurements were normalized to yields obtained at 1 MeV with the H* beam.

Measurements at each angle were corrected for the attenuation of 6.13-MeV gamma rays
in the target holder (corrections ranged from 4% to 12%) and compared to determine angular
variations. The total angular variation at each energy was € 10%, and in fact, was < 6% above
the 872-keV resonance. Since these variations are comparable to uncertainties due to target
deterioration, it is concluded that no angular anisotropies are detectable in these measurements.
This isotropy is not unexpected because these measurements of this nuclear reaction average
over many resonances in the compound nucleus as well as over at least three independent exit

channels.

Measurements at each energy were averaged over angle to provide the thick target yields

displayed in Fig. 2. The absolute energy scale is determined by the strong resonance at 872

N1
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keV (Ref. 4). The results above 2 MeV are based on a separate series of measurements that
were carried out with a Nal detector located near 0° and are normalized to the results below 2
MeV. It was assumed that the angular isotropy observed below 2 MeV also applies at the
higher energies. Since the gamma-ray energy spectrum is essentially constant over this range of
proton energies, no corrections for variations of the Nal detector efficiency are necessary. This
is also true for the plastic scintillator gamma-ray detectors; consequently this yield curve can

also be used for these detectors.

The thick target yield has been compared to the yield reported by Stroobants et al.! for a
composite target of CaF, and graphite bombarded with 0.33 to 2.16 MeV protons. The shapes
of the two yield curves are similar, however our measurements increase somewhat more rapidly
with energy. If these two curves are normalized to each other at 1.03 MeV, then our yield is
25% higher at 2.16 MeV and 28% lower at 0.52 MeV. This difference may be due to contribu-
tions to the yield from the carbon in teflon and from unknown impurities in the industriai grade
teflon targets. The absolute value of our yield at 1.05 MeV is only 10% less than that estimated

in Ref. S by summing the yields from many resonances below 1 MeV.
1V, ABSOLUTE CALIBRATIONS

Calibration of both prompt gamma-ray detectors is required because the detector response
is sensitive to the geometry of the lead shield. Both detectors were calibrated with the gamma

source provided by the '*F(p, ay)'®0 reaction on the Van de Graaff accelerator.

The proton beam from the Van de Graafl is continuous, not pulsed, and therefore it is
necessary to relate this calibration to the detector response as recorded in pulsed-beam experi-

ments. For measurements with intense pulsed proton beams the photomultiplier anode current

oy
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is recorded on an oscilloscope which is terminated in 50  at the input. The meisured voltage
(V) is related to the detector output current (/,) by

Vy=1(50 Q). m
For a continuous measurement, the detector output current is integrated in time so that a total
detector charge (Q,) is measured for a known proton charge (Q,) incident on a thick teflon tar-
get. If the ratio (Q,/Q,) is determined for a given proton energy and target to detector dis-
tance, then the measured voltage in a pulsed experiment is related to the proton current (l,,) at

this energy by
Vy=(50 Q)1,0,/0,. . )

The absolute calibration requires determining Q,/Q, (i.e., the detector output charge for a
given number of protons incident on a thick teflon target). The dependence of Q,/Q, on pro-
ton energy is given by the measured thick target yield displayed in Fig. 2. This yield curve can
be used to relate absolute calibrations at different proton energies and to adjust the calibration

for variations of the proton energy in experiments with pulsed proton beams.

Calibrations of both prompt gamma ray detectors were carried out on the Van de Graaff
accelerator by integrating directly the photomultiplier anode output with a current integrator®
(Elcor, Model A310C). The detectors were located at 0° to the proton beam direction, and the
measurements were carried out as a function of target to detector distance (d) as indicated in
Fig. 3. The small detector was calibrated for 1.55-MeV protons, and the large detector was cali-
brated for 2.70-MeV protons. These measurements were corrected for a background current
from the photomultiplier of about 6 n4 for no proton beam. This correction amounted to 50%
for the small detector at the largest distance, but only 4% for the larger detector at the largest
distance. The quantity, Q,/Q,, should vary as the inverse square of the distance d, if back-
scattering from the room is negligible, and may be expressed as

Qd/Qp - C/(d + dn)z (3)
6

* Available from Elcor, Silver Spring, Maryland 20910
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where C and d, are constants. The straight lines in Fig. 3 represent least-squares fits of Eq. 3

to the measurements. These fits correspond to C = 97 cm?, d, = 7.8 c¢m for the small detector

and C = 1810 cm?, d, = 10.2 cm for the large detector.

To compare the sensitivities, C, at large distances for these two detectors, it is noted that
the thick-target yield at 2.7 MeV is 16.3 times greater than the yield at 1.55 MeV (see Fig. 2).

Consequently, the large detector is only about 10% more sensitive than the small detector. The

increase in sensitivity expected from the larger solid angle of the big detector is nearly compen-
sated for by gamma ray attenuation in the thicker lead shield of the big detector. The values of
d, correspond to distances into the detectors which terminate well inside the plastic scintillators.
This suggests that gamma rays resulting from multiple interactions in lead around the cir-
cumference of the scintillator, as well as in lead in front of the scintillator, contribute to the
measured detector output. The difference in d, values for the two detectors is due primarily to
the difference in lead thicknesses in front of the two detectors. The quadratic scaling of detec-
tor output with distance indicates that the detector is relatively insensitive to room scattered

photons.

Evidence that the detector output results from the interaction of low energy photons in
the plastic scintillator is provided by pulse-height analysis of the small-detector output. A
pulse-height spectrum measured for an exposure to 6.13-MeV gamma rays is compared in Fig.
4 10 a spectrum measured with a ®Co source. For the %°Co spectrum the front of the lead
shield was removed and the source was placed in front of the scintillator. The high energy
cutoff in this spectrum presumably corresponds to 1.1 MeV. This is the maximum energy im-
parted to an electron by the Compton scattering of 1.3-MeV gamma rays in the scintillator.

The high energy cutoff in the spectrum for the 6-MeV gamma rays occurs at a channel
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corresponding to ~0.7 Mev. There is practically no direct contribution to the detector output

for higher energy gamma rays.
V. APPLICATION TO PULSED PROTON BEAMS

The calibration appropriate to pulsed proton beam measurements is determined by substi-
tuting Eq. 3 into Eq. 2 and scaling the detector output according to the thick-target yield, Y(E),
as displayed in Fig. 2. For the small detector, the measured voltage resulting from a proton
current /, is given by

V,=15x10° Y(E) (d +18)77 I, 4)

where V, is in Voits, /, is in Amps, dis in cm and Y(E) is the number of gamma rays/proton
for protons of energy E. The corresponding expression for the large detector is

V, =17 x 10° Y(E) (d +10.272, (5)

These relationships can be used to determine the proton current as a function of time from a
measured prompt gamma ray pulse, if the time dependence of the energy of the ions incideni
on the teflon target is known. To facilitate the analysis of prompt gamma ray measurements,
the thick target yield Y (E) has been approximated by straight lines in restricted energy regions.

This representation of Y{(E) is given in Table 1.

In pulsed experiments, care must be taken to insure operation of the photomultiplier in a
linear regime. The detectors used in these calibrations are designed to provide linear output
currents of up to 0.3 A4 at 2500 ¥, which is the voltage used for the calibrations. An output of
15 V would be observed by a detector located 1 meter from a teflon target bombarded with a
1-MeV, 0.13 kA4 proton beam. To measure more intense proton beams, the detector sensitivity
must be reduced. Optical attenuation in the form of neutral density filters may be introduced

between the scintillator and photomultiplier. Also, the photomultiplier high voltage

AT L PARY b
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TABLE |
Representation of the '*F(p, ay)'0

Thick Target Yield
Proton Energy Range Y(E) = a + bE
(keV) a(y/p) b(y/p/keV)
0- 340 0 0
340 - 575 5.80 x 10™° | 2.671 x 107"
575 - 685 -2.451 x 1077 | 4.631 x 107"
685 - 860 -9.746 x 1078 | 2.474 x 1070
860 - 885 -1.511 x 107 | 1.770 x 10°*
885 - 1335 -1.234 x 107 | 2.026 x 107°
1335 - 1435 -1.740 x 1075 | 1.414 x 1078
1435 - 1635 -2.455 % 107 | 3.720 x 10™°
1635 - 1885 -1.511 x 1075 | 1.146 x 1078
1885 - 1985 -6.048 x 1075 | 3.553 x 1078
1985 - 2785 -1.155 x 107* | 6.324 x 1072
9
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may be reduced, but this will decrease the maximum linear output voltage and reduce the fast

time response of the detector.

This prompt gamma diagnostic has been used to measure intense proton beams produced
in pinch reflex diode experiments.’ The proton beam is generated in a reflex diode geometry®
and is directed to a teflon target located 57 cm from the diode. The prompt gamma response of
a small detector located 60 cm from the teflon target is shown in Fig. Sa. The prompt gamma
signal is delayed in time due to the proton time-of-flight so that the diode bremsstrahlung pre-
cedes the prompt gamma signal. To minimize the bremsstrahlung signal in this measurement,
the detector was located at 90° to the ion beam direction and additional lead shielding was posi-

tioned in the line of sight between the diode and the detector.

A comparison was made of the proton current determined by the prompt gamma meas-
urement with the proton intensity determined from activation® of the carbon in the teflon tar-
get. The proton energy is given by the measured diode voltage corrected for inductive effects.
To determine the proton current from the measured prompt gamma voltage, one must correct
for the flight times of different energy protons from the diode to the teflon target. Then the
time variation of the prompt gamma voltage +,(r,) is related to the time variation of the proton

current 7,(1) in the following way:
Vi) = K 7YWDY 1,40 8 Gmi=1/0(0)) di 6)

The quantity K is a constant specified by the detector geometry and the target-to-detector dis-

tance, /is the proton flight path from the diode to the target and v is the velocity of protons of

. | . . . . .
energy F = Em,,v" emitted at time 7 from the diode. In practice, the proton current is deter-

mined by iterating on Eq. 6 until the prompt gamma rcsponse calculated with an assumed pro-

ton current agrees with the mecasured prompt gamma response. An initial proton current is

10
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determined from a simple analytic model.' The final proton current and energy used to calculate
the prompt gamma voltage presented in Fig. 5a are shown in Fig. 5b. The shape of this ion
current is similar to that measured with a Rogowski coil in experiments at higher power levels.’
For the present measurement, attenualing screens were used between the diode and the target
to minimize target ablation. The current in Fig. 5b is that produced in the diode but attenuated

by the screens.

The activation of carbon in the teflon by the '2C(p, y)!>N reaction was calculated and
compared with the measured number of radioactive '’N. The thick target yield for this reaction

can be expressed by the following sum over resonances

2
Y(E) = ¥ Cfarctan [2(E — E)/T ] + arctan QE/T )} )]

im1
The resonance energies and widths are taken from the literature.'®

£, =457 keV, T, = 36 keV

E, = 1699 keV, I'; = 67 keV.
The strengths of the resonances are determined from the measurements of Seagrave'' for car-
bon targets.

C, = 2.41 x 10'9 ’N/proton/radian

Cz/C| - 1.44.
To convert from a carbon () 10 a teflon (CF,) target, the ratio of the stopping cross sections
(¢) for 0.5-MeV  protons was determined from the literature.'? Then
Yer, = [e(C)/e(CFy)] Y = 0.28 Y. The number of '’N nuclei produced in a teflon target by
the proton current and voltage displayed in Fig. Sb is (4.7 £+ 0.7) x10*. This uncertainty in-
cludes propagating a 10% uncertainty in the thick-target yield from teflon and a 5% uncertainty

in the ion vollage. A measurement of the positron decay of '*N indicates that




YOUNG, OLIPHANT, STEPHANAKIS AND KNUDSON

(5.9 + 0.6) x 10* N nuclei were produced in the teflon target. The ion energy in this meas-

urement is small enough that no correction for deuterons in the proton beam is necessary.?

These independent determinations of the number of >N nuclei are in agreement within the ex-
perimental uncertainties. It should be noted that the prompt gamma measurement only sam-
ples the proton current above 340 keV and the carbon activation only samples the current
above ~ 440 keV. These measurements are insensitive to the current profile for proton ener-

gies below these thresholds.

VI. CONCLUSIONS

A detector for measuring the current of intense bursts of protons with a time resolution

~ S5 nsec has been described. Two different size detectors have been calibrated using the 4

p——

YF(p.ay)'%0 reaction. The thick target yield for this reaction on a teflon target has been
measured. A determination of the absolute proton current in a pulsed beam experiment with i
this diagnostic is in agreement with an independent determination of the total proton intensity ‘

in the same experiment.
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